Monogamy is rare in fishes and is usually associated with elaborate parental care. When parental care is present in fishes, it is usually the male that is responsible, and it is believed that there is a relationship between the high energetic investment and the certainty of paternity (except in the case of sneaker males). Osteoglossum bicirrhosum is considered a monogamous fish, and has particular behavioral traits that permit the study of mating systems and parental care, such as male mouthbrooding. We investigated the genetic relationships of males with the broods found in their oral cavities in Osteoglossum samples collected in a natural environment in the lower Purus river basin, Amazonas, Brazil. Fourteen broods were analyzed for parentage (268 young and 14 adult males) using eight microsatellite loci. The results indicate that eleven broods show a monogamous system. In one brood, however, approximately 50% of the young were genetically compatible with being offspring of another male, and in another two broods, none of the subsampled young were compatible with the genotypes of the brooding male. The result of this first brood may be explained by the extra-parental contribution of a sneaker male, whereas cooperative parental care may explain the result in the other two broods.
Introduction
Fishes have a wide diversity of reproductive traits, which make them an interesting group in which to study the evolution of mating systems (DeWoody et al., 2000) .Within fishes, the mating system seems to be strongly connected to the type of parental care (Perrone & Zaret, 1979) . Monogamy, a rare mating system among fishes, is mainly related to elaborate and prolonged reproduction, in which bi-parental care becomes a necessity (Trivers, 1972) . Blumer (1982) considered that 89 families of fishes perform some kind of parental care, and in the majority of DOI: 10.1590 these species this role of a caregiver is played by the male. Trivers (1972) suggested that paternal investment in parental care is directly related to the certainty of paternity, that is, the more the male is in doubt of its paternity, the less will be its willingness to invest in the parental care, although this concept is not universally accepted (Werren et al., 1980; Bouwman et al., 2005) . A number of studies have shown this phenomenon in birds (e.g., Moller & Cuervo, 2000; Peterson et al., 2001) , fishes (e.g., Neff, 2003; Neff & Gross, 2001) , and invertebrates (Hunt & Simmons, 2002) . However, Ah-King et al., (2004) point out that on the contrary of what would be expected, for some species of fish where the certainty of paternity within the brood -and subsequently the proportion of true paternity -is reduced due to the occurrence of sneaker males, there is no decrease in the investment in parental care.
The silver arowana Osteoglossum bicirrhosum (Cuvier, 1829) occurs in the lowland and flooded forests on the Amazon basin and is heavily exploited by humans at two different life stages: as an adult for food, and as young for the ornamental fish trade (an illegal activity in Brazil). The illegality of this fishing makes it difficult to estimate the impact of this exploitation of the species. The silver arowana presents some characteristics that make it interesting for mating system studies: the arowana occupies the upper layer of the water column, which allows behavioral observations; and parental care is provided by the males through mouthbrooding (Goulding, 1980) , which lasts for nearly six weeks (Queiroz, 2008) . When the fry are free-swimming, they leave the male's mouth, returning to the bucal cavity after satiation or when threatened (Queiroz, 2008) . The mating system of the silver arowana is believed to be serially monogamous, with the formation of couples in every reproductive season (Queiroz, 2008) , although no conclusive studies have yet demonstrated this. However, among fishes, monogamy is only expected in species with oral incubation of fry, when the protection of the offspring by both parents is important to the offspring's survival (Wittenberger & Tilson, 1980) . This is not the case in the arowana.
Another reproductive feature of the silver arowana is the formation of male aggregations during the parental care phase, locally known as "choqueiros" or "hatcheries" (Rabello Neto, 2008) . Although fishermen in the Amazon usually mention their occurrence, the characteristics of these aggregations are still not properly understood. According to the fishermen, fishing for the ornamental fish market often targets these hatcheries.
Gregarious behavior during reproduction and parental care have been described for other vertebrates. The most common involves reproductive and non-reproductive individuals, the last acting as helpers in fish (Wisenden, 1999) . Another type of aggregation is the "nursery", in which the young individuals are kept clustered under the care of some adult individuals, while the others forage (with these roles being switched among adults over time). This behavior is well described for several species of birds (e.g. , Pettingill Jr., 1960; Kirkwood & Robertson, 1997) and pinniped mammals (Cassini, 1999) . Among silver arowanas, the possible functions of male aggregations during the parental care phase are not known. There is no information about a mixing of young from different male parents, which could indicate cooperative parental care. Also, little is known about the familial relationships among the fry that compose a brood, and their relationship to the adult males that carry them. In any event, the formation of hatcheries suggests the existence of social relationships among adult arowanas. Taking into account the characteristics of formation of couples, the high investment in large oocytes and the parental care, we hypothesize that the silver arowana is serially monogamous, and that all the fry of a given brood are siblings. The objective of this study was, thus, to identify the mating system of the silver arowana O. bicirrhosum and the genetic relationships among males and the respective broods carried in their mouth cavity by using microsatellite, highly polymorphic DNA markers, very useful for parentage studies (Queller et al., 1993; DeWoody, 2005) . This study may help clarify issues related to the mating system traits and parental care of the silver arowana. Also, it can contribute to the species' handling practices, as both a food source, and for the ornamental fish trade (Lima & Prang, 2008) .
Material and Methods

Study site
Field collections were made in floodplain lakes of the "Reserva de Desenvolvimento Sustentável Piagaçu-Purus" (RDSPP), located at the lower Purus river, state of Amazonas, Brazil, where fishing resources are intensively exploited. In average, 48% of the fishes caught with fishing nets and disembarked in Manaus, the largest city of the Brazilian Amazon, from 1994 to 2004 are from the Purus River basin (Fernandes et al., 2009) . The RDSPP was created in 2003, and its landscape is heterogeneous, with several floodplains (varzea) and large areas of non-flooded forest (terra firme forest). The floodplain lakes constitute 44% of the reserve's area, and are partially covered by dense aquatic macrophytes (Instituto Piagaçu, 2010) . The current study was performed in the floodplain area of RDSPP's North Region, sector Caua/ Cuiuanã. From 1990 to 2003, there was significant exploitation of arowana fry for ornamental purposes.
Data Collection
Collections were made in the Ambé (04º11'14.8"S 61º51'20.2"W), Preto (04º11'12.0"S 61º57'56.4"W), and Leitão (04º15'11.2"S 61º47'52.0"W) lakes, during the flooded seasons (February) of 2011 and 2012. These large lakes overflowed into flooded areas in the wet season, are partially covered by macrophytes, and were indicated by the fishermen as the ones with the highest density of arowana. The lakes were surveyed using the "night focusing" technique: canoes and flashlights being used in an intensive search for individuals providing parental care. When the adult fishes were seen with eggs or fry (identified by the expanded mouth cavity), they were collected with a trident, an instrument similar to a spear. Every fish collected was inspected for the presence of offspring (eggs, larvae, or fry) in the mouth cavity, which were then collected into a plastic bag. One of the chin barbels of each male was collected, and stored together with the offspring. The samples were conserved in alcohol 96% for further molecular analysis.
Collection of genetic data
A sample of tissue was taken from every individual (larva/ young and barbel of adult males) and stored at -20ºC. DNA was extracted using the cetyltrimethylammoniumbromide (CTAB) protocol (Doyle & Doyle, 1987) with approximately 100 mg of tissue used for each extraction. The concentration of the extracted DNA was quantified with NanoDrop 2000c Spectrophotometer and samples were standardized to a final concentration of 20 to 30 ng/µl. Eight microsatellite loci developed by Silva et al. (2009) for Osteoglossum bicirrhosum -Ob_B11, Ob_C01, Ob_D09, Ob_F09, Ob_H09, Ob_C04, Ob_A01 and Ob_G11 -were selected for the analyses. The genotyping was carried out according to the method described by Schuelke (2000) . PCR reactions for all primers pairs were carried out in a final volume of 12.5 μL containing 4.95 µL of ddH 2 O, 1.5 µL of MgCl (25mM), 1.5 µL of dNTP (10mM), 1.25 μL of 10x PCR buffer (100 mM Tris-HCl, 500 mM KCl), 0.5 X μL of forward primer with M13(-21) 5 tail (2.0 μM), 1.0 μL of reverse primer (2.0 μM), 0.5 μL of fluorescently-labeled M13(-21) primer (2.0 μM), 0.3 μL of Taq DNA Polymerase (5 U/μL), and 1 μL of DNA. PCRs were run in a Veriti thermocycler and had two main steps: an initial denaturation step (94ºC, 1 min.) followed by 25 cycles of 50 sec. at 94ºC, 20 sec. at primer-specific annealing temperature (according to Silva et al., 2009) , 20 sec at 72ºC; followed by 20 cycles of 20 sec. at 94ºC, 20 sec. at 50ºC, 20 sec. at 72ºC, and a final extension step for 30 minutes at 72ºC. If necessary the PCR products were diluted, and the size marker ROX pUC-19, modified from DeWoody et al., (2004) , was added to determine sizes of observed alleles. Genotyping of the amplified DNA was determined in an ABI 3130xl automatic sequencer, and the alleles observed in each individual were analyzed using the GeneMapper v.4.0 program.
Data Analysis
With the software Genalex v6.41 (Peakall & Smouse, 2006) , the probabilities of identity and parental exclusion were calculated for every brood, and show how informative each group of loci are. The probability of identity provides an estimate of the likelihood of two non-related individuals, collected from the same population, to have the same multilocus genotype. The probability of parental exclusion considers the ability of markers to exclude a random male as a father. The closer the probability of identity is to zero, the more informative the group of loci are. On the other hand, the probability of exclusion should be closer to one.
For the verification of multiple paternity, a manual counting of allele number was made for every locus. The occurrence of more than four alleles at a locus indicates an instance of multiple paternity. The occurrence of adult males' alleles in fry's genotype was also verified. The division of the broods into sibling groups was made with the software Kinalyzer (Ashley et al., 2009) . It uses an optimization approach combined to create sibling groups (based on Mendelian properties), searching a minimum amount of possible groups (Jones et al., 2010) . For the reconstruction of parental genotypes and an estimating of the number of fathers contributing in every brood, we used the software Gerud 2.0 (Jones, 2005) . This software reconstructs the parental genotypes of an offspring containing only siblings or half-siblings, without the need of knowing one parental genotype. Thus, it uses an algorithm which searches for all possible parental genotypes of a brood and finds a minimum set of genotypes required to explain the matrix of the fry's genotypes (Jones et al., 2010) . The analysis in Kinalyzer and Gerud 2.0 were made only with the genotypes of the fry. Later, the parental genotypes resulting from the Gerud 2.0 analysis were compared to the genotypes directly obtained from the tissue samples of the males.
Results
Fourteen broods were analyzed with the number of fry varying from 57 to 146 between broods. Sixteen to 20 young individuals randomly selected from each brood, corresponding to 13-35% representation, were used for the analyses, in addition to the 14 adult males; in total 283 individuals were analyzed (Table 1 ). The average size of the fry in each brood varied from 1.0 cm (embryonic phase) to 6.8 cm (fingerling), and all the individuals collected in the same brood were in the same stage of development. The number of alleles in each one of the eight microsatellite loci varied from two to seven, with an average of 4.5±1.6 alleles per locus. The probabilities of identity and exclusion of the locus set in every brood varied from 0.015 (N9) to 0.175 (N126), and 0.689 (N126) to 0.972 (N9) respectively (Table 1) . In six broods (43%), division of the broods in sibling groups, by using both Gerud 2.0 and Kinalyzer indicated that 78.6% of the broods being sired by one male, 14.2% by two males and 7.2% by three males (Table 1) .
The comparison of parental genotypes -reconstructed by Gerud 2.0 using the genotype matrix of the offspring -with the genotypes of males collected along with the broods, showed incompatibility in two broods (N10 and N32), indicating that males were not the genetic fathers (paternal exclusion) of any of the offspring analyzed in that broods. In the brood N14, almost half of the fry (48%) showed genotypes compatible to the paternal male, while the other half is compatible to the fertilization of another male.
Discussion
The results indicate that most of the broods analyzed (78.6%, 11 of 14) were fertilized in a monogamous mating system, involving only one male and one female. This kind of mating system seems to be an exception in most animal groups (e.g., Kleiman, 1977; Taylor et al., 2003) . Nevertheless, our results showed exceptions: three of 14 broods (21.4%) indicated the occurrence of more than one male participating in the fertilization of the offspring. Since the first application of molecular techniques to the study of mating systems, it was demonstrated that several socially monogamous species are not genetically monogamous (e.g., Goossens et al., 1998; Sefc et al., 2008; Liebgold et al., 2006; Ophir et al., 2008) . the probability of exclusion was higher than 0.90, which indicates the set of microsatellites used is highly informative for those broods. The other broods -where the probability of exclusion was lower -were also used in the analysis, but the occurrence of multiple paternity events can be underestimated in these broods.
Paternity analysis
The manual check with allele counting per locus in every brood did not show any indication of multiple paternity, considering standard Mendelian inheritance. However, when the presence of the adult male's alleles was verified in the broods, male alleles were not detected in three: in the brood N10 (N= 124 fry, 20 analyzed), some fry did not have any shared allele with their respective adult male (one fry for the locus Ob_B11 and nine for the locus Ob_H09, representing 45% of the brood). In the brood N14 (N = 57, 20 analyzed), the difference was observed in six fry for the locus Ob_H09 (30%). In the brood N32 (N = 79, 20 analyzed), three fry for locus Ob_B11 and 12 fry for the locus Ob_H09 did not have alleles compatible with the genotype of the adult male that carried that brood (65%). In the remaining broods, the results indicated the participation of a single male and female in the fertilization, which represents a monogamous mating system.
The analysis of sibling group formation by combined optimization performed in the software Kinalyzer, indicated the occurrence of three sibling groups in the brood N10, and two groups in the broods N14 and N32 ( Table 1 . Number of alleles per loci, per brood. *Non-monogamous broods. PI = Probability of Identity. PE = Probability of Exclusion. N = Number of fry per brood. n = number of fry analyzed per brood. N° loci = Number of microsatellite loci used per brood. The number of sibling groups estimated with the use of the softwares Gerud 2.0 and Kinalyzer. PI and PE indicate that the number of loci is very informative to six of the fourteen broods (in bold).
investment with parental care of fry from other individuals) would be evolutionarily disadvantageous. If that is the case, an evolutionary stable strategy would involve cooperative care, where individuals of an aggregation of males would collectively care for the fry (complete or partial broods). In this case, the mixing of fry, or even the guard of complete broods from other fathers, would not be strongly disadvantageous for the individual since the other male would be performing the same role with his brood. It is known that in the asian arowana (Scleropages formosus), the mating form and parental care is similar to the silver arowana's, with the formation of couples and mouth-brooding performed by males (Rowley et al., 2008; Suleiman, 2003) . This suggests this behavior could have evolved in an ancestor of the group, taking into account the geographical distribution of the family and the persistence of this lineage (Kumazawa & Nishida, 2000) . In the species Arapaima gigas, the pirarucu, which belongs to the same order as the silver arowana and has a sympatric occurrence, indications of multiple paternity were also found (Farias et al., in prep.) . Specific features, such as the formation of aggregations for the parental care have yet to be investigated in other species of osteoglossiform.
Among the samples analyzed in the current study, it is possible to state, with little doubt, the occurrence of multiple paternity in one brood only (N14), where the fry were not sufficiently developed to swim freely. In eleven broods, the strongest indication is that the mating had involved only one couple. The analysis of broods N10 and N32 can demonstrate a type of cooperative care. However, the occurrence of multiple paternity events and cooperative care may be underestimated, since the collections were not made in hatcheries, and a higher density of individuals can influence the occurrence of these events, as suggested by Mackiewicz et al. (2002) for Lepomis.
We conclude that the mating system of the silver arowana can generally be considered as being serially monogamous, but also with a reasonable proportion of fertilizations by additional males, possibly not made by the female's choice, but by sneaker males. Finally, the occurrence of cooperative care by males of O. bicirrhosum is possible, but more studies of natural history and the behavior of the species are required to clarify this issue. Parentage analysis using microsatellites in species with male mouthbrooders are rare (Coleman & Jones, 2011) . Therefore, we encourage studies using genetics, natural history and behavior to generate more information about cooperative care, mating systems and paternity certainty, that still remain unclear in several neotropical piscine species.
Genetic studies compiled by DeWoody & Avise (2001) have documented that on average, nest-guarding adults parented about 70-95% of their custodial offspring, and approximately one-third of the nests were cuckolded to some extent. Furthermore, nearly 10% of the assayed nests contained offspring tended by foster fathers either because of nest takeover or egg thievery.
The brood N14 -where close to half of the brood seems to be comprised by fry from the parental male and the other half by another -can be considered a typical case of multiple paternity. Considering the behavior of couple formation, probably this extra-pair fertilization occurred due to the interference of a sneaker male. This male can take advantage of the moments in which the couple is involved in oviposition and fertilization to deposit its spermatozoa and fertilize some oocytes, leaving the eggs to be cared for by the other male. This behavior has been described in the Gasterosteidae (Largiàder et al., 2001) , Cichlidae (Ota et al., 2012) and Gobiidae (Mobley et al., 2009) . The role of paternal care can evolve in species with higher certainty of paternity, even in the occurrence of opportunist males (Ah-King et al., 2004) . Accordingly, it seems like the value of the care is so high that the strategy (prolonged parental care, which requires a greater energy expenditure) persists even under the possibility of having fry from other males in the brood.
The males considered sneakers can act in different forms (Taborsky, 1994) . It is possible that, in the case of the arowana, the females choose the bigger males, since larger individuals have larger mouth cavities (and more space to shelter the broods) and better physical condition to defend the offspring (Queiroz, 2008) . In that sense, smaller young males can use the tactic of a sneaker as a way to find reproductive success immediately upon maturity as described in several species of fishes (e.g., Ota et al., 2012; Largiadèr et al., 2001; Jones et al., 2001; Gross & Charnov, 1980) .
The most intriguing result found in the current study was the complete lack of a genetic relationship between males and fry in two of the broods analyzed (N10 and N32). In the current study we identified some possibilities to explain this occurrence.
One hypothesis is based on the occurrence of cooperative parental care, through the mixing of broods. Behaviors of cooperative care are considered rare in fishes (Taborsky, 1994) . The combination of broods can happen when fry leave the mouth cavity of one male to feed, and when they return, they enter the mouth of another male. This is especially probable in species that do not have stable territories (Taborsky, 1994) , such as arowana. Considering occurence of social hatcheries, this is a plausible hypothesis. In addition, it was noted that in these two broods, the offspring were in an advanced stage of development. This means they would be leaving the protection of the male's mouth for feeding purposes. Although this situation is a simple occurrence, the result (energetic
